Dense particulate suspensions can not only increase their viscosity and shear thicken under external forcing, but also jam into a solid-like state that is fully reversible when the force is removed. An impact on the surface of a dense suspension can trigger this jamming process by generating a shear front that propagates into the bulk of the system. Tracking and visualizing such a front is difficult because suspensions are optically opaque and the front can propagate as fast as several meters per second. Recently, high-speed ultrasound imaging has been used to overcome this problem and extract two-dimensional sections of the flow field associated with jamming front propagation. Here we extend this method to reconstruct the three-dimensional flow field. This enables us to investigate the evolution of jamming fronts for which axisymmetry cannot be assumed, such as impact at angles tilted away from the normal to the free surface of the suspension. We find that sufficiently far from solid boundaries the resulting flow field is approximately identical to that generated by normal impact, but rotated and aligned with the angle of impact. However, once the front approaches the solid boundary at the bottom of the container, it generates a squeeze flow that deforms the front profile and causes jamming to proceed in a non-axisymmetric manner.
As non-Newtonian fluids, dense particulate suspensions show rich mechanical properties, including continuous shear thickening (CST) [1] [2] [3] and discontinuous shear thickening (DST) [4] [5] [6] , whereby their viscosities can increase dramatically under shear. In extreme cases, they can even transform into a jammed solid capable of supporting large applied stress, which "melts" and reverts back to the fluid state after the stress has been removed [7] [8] [9] [10] [11] . Because of this property, dense suspensions have been applied as protection devices against impact or penetration, such as stabbing [12] . Another area of research where the stress response of dense suspensions is of interest is locomotion on, or through, terrain comprising fully liquid-saturated sand or mud, which is important for animals as well as wheeled or legged robots [13] [14] [15] [16] .
Currently, the transient stress response that determines the behavior during sudden application of mechanical loads and the associated transformation into a jammed solid are still much less understood than the dynamics of dense suspensions under steady-state forcing [17] [18] [19] [20] . Previous experiments have shown that jamming [21] [22] [23] proceeds via fronts of localized, intense shear, which spread out from the point of forcing, rapidly propagate into the suspension, and change the suspension from a fluid to a solid-like state. Different types of forcing, such as impact, shear, and extension, were observed to generate similar dynamic jamming fronts [7, 8, [24] [25] [26] . However, in all of these cases it was sufficient to perform two-dimensional (2D) imaging of the evolution of the associated flow field, given its axial or radial symmetry. When such symmetry is no longer assumed, such as during angled intrusions, the ability to track the flow field in all three dimensions becomes important. This is chal- * These two authors contributed equally † E-mail: h-jaeger@uchicago.edu lenging for dense suspensions, because typically they are optically opaque while a high frame rate is required to resolve the flow due to the fast front propagation speed. Last but not least, the front propagates deep into the bulk, so the scope of view needs to be large enough to capture the whole flow field.
Here we show how high-speed ultrasound imaging can be used to acquire three-dimensional (3D) flow fields in dense suspensions. Ultrasound is well-suited to penetrate deeply into fluids. For example, diffusion acoustic wave spectroscopy (DAWS) was developed to measure relative velocity and strain rate in suspensions [27] . Combined with standard rheology, ultrasound speckle velocimetry has been used to measure steady flows in suspensions [28, 29] . Furthermore, recent experiments demonstrated that ultrasound is capable of imaging fast transient flows in dense suspensions [24, 26] . These former experiments imaged 2D slices through the interior of a 3D suspension. Here we extend this approach to extract the 3D flow field by stitching together spatially offset slices, each with a frame rate up to 10,000 s −1 . We apply this method to image the transient flows inside dense suspensions that result from impact at different incident angles. This allows us to address the question to what extent these flows, and the associated jamming fronts, retain axisymmetry along the propagating direction and how they deform when they approach a solid boundary.
I. EXPERIMENTAL METHODS
Our experiment studies impact at a suspension-air interface through ultrasound imaging and reconstruction of the resulting flow in three dimensions. The experimental setup is schematically illustrated in Fig. 1 . The suspension was contained in a cylindrical vessel with an inner diameter of 10 cm. The impactor was driven by a linear actuator (SCN5, Dyadic Systems) mounted above the container. The incident angle θ I , defined as the angle from the negative z axis to the incident direction, and the impact speed U p were both adjustable. The plane in which the impactor rotated and moved was aligned with the center of the container, and we define this plane as the y = 0 plane. The head of the impactor was a hemisphere, so that it contacted the suspension surface in the same manner regardless of θ I . An ultrasound transducer (Philips L7-4) was placed underneath the bottom of the container and coupled to it acoustically through a layer of ultrasound gel. The transducer was a linear array of 128 piezoelectric elements aligned along the x direction. Mounted on a translation stage, it could be moved to different y positions with a resolution of 25 µm).
The suspensions were prepared by dispersing dry cornstarch particles in an aqueous solvent. The solvent was made by mixing 398.0±0.1 g cesium chloride (CsCl), 250.0 ± 0.1 g water and 250 ± 0.1 g glycerol. The density of the solvent was adjusted to match the density of the granules, which is 1.63 g/cm 3 . The mass ratio φ m = m cs /(m cs + m sol ) was 0.43, where m cs and m sol are the mass of cornstarch and the solvent, respectively. Air bubbles trapped in the suspension are strong scatterers of sound waves, which can significantly limit the penetration depth of the acoustic signal. Therefore, we de-bubbled the suspensions before imaging by placing them in a sealed container and shaking them at 3 Hz for two hours.
In the experiments reported here, the impactor pushed into the surface of the suspensions with a constant speed set at U p = 200 mm/s. The impact angle θ I was varied from 0
• to 40
• . The ultrasound system was triggered and started to acquire 500 consecutive images at a frame rate of 4,000 s −1 when the impactor reached a position 5 mm above the suspension surface (the Verasonics ultrasound system we used is capable of imaging up to 10,000 frames per second at full resolution). Each acquisition generated a two-dimensional (2D) slice in the x-z plane. For vertical impact, 2D images at y = 0 mm (directly below the impactor) are sufficient to reconstruct the 3D flow field because of its rotational symmetry [24] . In order to visualize nonaxisymmetric 3D flow under tilted impact, we moved the transducer along the y axis as shown in Fig. 1 (b) , and combined the 2D slices obtained from different ypositions. At each θ I , the transducer was moved from y = 0 mm to y = 20 mm, in increments of 5 mm. At each y, the impact experiment was repeated 3 to 9 times. After every impact, the suspension was fully relaxed by gently shaking and rotating the container. The accumulated data were used to reconstruct an averaged 3D flow field for each θ I .
II. IMPACT-ACTIVATED FRONTS
To obtain the flow field, we used reconstructed Bmode images with trackable speckle patterns, whose motions represent the flow. A particle imaging velocimetry (PIV) algorithm was used to extract local velocities v = (v x , v z ) from successive 2D images. We then calculated the longitudinal and transverse components v L and v T with respect to the incident direction as • . Because the suspension thickened dramatically, the impactor did not penetrate significantly, but mainly caused a deformation of the suspension surface [7] . Under the • . The orange, green, blue, and red surfaces are the isosurfaces of vL = 0.4Up at four consecutive time steps. The time difference between adjacent isosurfaces is 3.7 ms. The surface of suspension is at z = 0.03 m. Curves at the bottom outline the projections of these isosurfaces in the x-y plane.
impactor, a transient flow developed in the form of a front, which propagates outward in all directions x, y, and z. It is this front that transforms the suspension from a fluid (ahead of the front) to a highly viscous, solid-like state (behind the front).
An impact event has two stages: The first stage is the free propagation regime, where the front is sufficiently far away from any solid boundary (bottom and side walls of the container). In this regime the front propagates much faster than the impactor speed [24] . In the example shown here it travels roughly 10 times as fast, i.e., it penetrates the whole depth of the suspension (3 cm) while the impactor pushes merely 3 mm down from the original surface position. As the front approaches the bottom, the already highly viscous, slowly deforming suspension behind the front is squeezed even more so that it turns into a jammed solid, ceases motion completely, and causes a dramatic increase in the force applied on the impactor [7, 30] . We call this the interaction regime between front and bottom 1 .
The reconstructed 3D flow field provides comprehensive visualization of this whole process, but most features are captured by the x-z plane at y = 0 mm. The flow fields in the y = 0 mm plane at three different angles θ I = 0
• , 20
• , and 40
• are presented in Fig. 3 . Each row corresponds to a different θ I , and 1 In our experiments, the side wall of the container is further away (5 cm) from the impactor than the bottom (3cm), so we only consider the interaction with the bottom.
contains three succeeding time frames during the collision. In all these plots, the color map is based on the velocity component in the longitudinal direction v L . The top row in Fig. 3 corresponds to impact normal to the suspension surface (θ I = 0
• ). As mentioned above, the transient flow propagates in both longitudinal and transverse directions in the form of a front. In the bright region, the local velocities are almost all vertical, and their magnitudes are close to U p , with very small gradients. In the dark region, the suspension flows at much slower velocities. This leads to a sharp velocity gradient right on the edge of the bright region, which corresponds to both a large shear rate and a quick acceleration of the suspension. For Newtonian fluids, a larger shear rate leads to larger stress. However, shear thickening and shear jamming are controlled by stress instead of shear rate [8, 17] . Here, the suspension in the bright region has been turned into a highly viscous fluid by the impact-induced stress, as well as by reconfiguration of particles due to the accumulated strain [24] , and as a result, it is able to bear large stress at a small shear rate. According to experiments with a simpler geometry, in these bright regions the suspension not only shear thickens dramatically, but also evolves towards a shear jammed solid as the front keeps propagating [31] . This is why we label such flows as impact-activated shear jamming fronts.
For oblique impact shown in Fig. 3 (d) -(f) at θ I = 20
• and (g)-(i) at θ I = 40
• , similar fronts are generated, though they are now tilted, lining up with θ I . In the rest of the paper, we will take a closer look at the similarities and differences between flows generated at different θ I . We will show that when the front is sufficiently far from the bottom, its shape is independent of θ I . We will then present the shear flow generated when the front approaches and finally interacts with the bottom, and discuss its effect on the jamming transition. All of these results reveal the importance of shear throughout the process of impact-activated solidification.
III. INVARIANT FRONT SHAPE DURING FREE PROPAGATION
While the front is away from any solid boundaries, the flow develops in an approximately invariant shape. Here we define the position of the front as the locations where v L = 0.4U p . Based on the 2D flow fields in the y = 0 mm plane (as in Fig. 3 , in each frame we plot out the isocontour that represents the front location. With each contour, we then find its furthest reaching points in the longitudinal and transverse directions, and define their positions as the longitudinal and transverse front positions R fL and R fT , respectively. Both positions are linear functions of time and thus we obtain well defined front speeds U fL and U fT . Lastly, we define dimensionless front propagation speeds k L and k T as where "-1" in k L is to subtract the impactor speed itself.
Previous impact experiments at normal incidence [24] have shown that as U p increases, k L and k T each approach an asymptote that is independent of U p , and their ratio k L /k T approaches a constant value close to 2. Here the experimentally measured k L /k T at different θ I is shown in Fig. 4 . Neither k L nor k T shows any apparent dependence on θ I , and their ratio is k L /k T ≈ 1.7, regardless of θ I . The origins of this anisotropy in front propagation speeds are the finite accumulated strain required for shear jamming and the different types of shear in different directions, as discussed in [24] . One difference we notice here is that for a spherical impactor head, the ratio k L /k T is slightly smaller than that obtained with a flat rod [24, 30] , which leads to a slightly wider front. As θ I varies, the relative angle between the incident direction and gravity g changes, and the suspension surface curves in a different way. Nevertheless, we find that this has a very limited effect on the flow generated inside the suspension.
From Fig. 3 , we can see that during free propagation the front is tilted along the incident direction of the impactor, while keeping a shape similar to that • to 40
• , each rotated clockwise by θI accordingly. The impactor hits the surface of the suspension at x = 0 m, z = 0.03 m, which is labeled by the cross, for all contours here after rotation. The dashed green line shows the impact direction. generated by upright impact. To demonstrate this more quantitatively, we rotate contours at v L = 0.4 clockwise through the corresponding angle θ I , and plot results obtained from one exemplary frame in Fig. 5 . (A comparison during the whole process is shown in Supplemental Video 2.) In this rotated frame, the impactor contacts the suspension surface at point (x, z) = (0, 0.03) m as labeled and pushes vertically down for every θ I . Within our experimental uncertainties, the contours are found to overlap well. This means that to describe the free propagation of impact-activated fronts at different θ I , we can take full advantage of what we know about upright impact [24] .
IV. INTERACTION BETWEEN FRONTS AND BOUNDARIES
After free propagation, the impact-activated front start to interact with the bottom of the container. Under upright impact, the jammed suspension forms a solid column that connects the impactor and the bottom, which can sustain a large amount of stress [7, 30] . When it comes to tilted impact, does a similar column still extend between the impactor and the bottom, just tilted along the incident direction? This turns out not to be the case, due to more complicated flows generated while the front approaches the bottom. Furthermore, unlike during the free propagation stage, now the shape of the flow and how suspensions jam become dependent on θ I .
To analyze this front-boundary interaction, we present the data in a different way. We pay attention to the velocity direction, and look at the angle θ v between the velocity vector and negative z direction:
To be more precise, we look at the direction of the local velocities relative to the incident direction θ v − θ I . This is shown in Fig. 6 , using θ I = 30
• impact as an example. (See Supplemental Video 3 for the whole process.) Regions with positive θ v − θ I are colored in blue, and negative values in red. The gray areas represent regions where the flow speed is below a threshold |v| < 0.1U p .
As Fig. 6 (a) shows, when the front is far from the boundary, the red and blue regions are symmetric with respect to an axis through the impactor. This is consistent with the axisymmetric jamming front discussed above (e.g. in Fig. 5 ). Effects due to the solid boundary start to be observed when the front propagates to within around 5 mm to 10 mm from it. This distance is comparable to the width of the front ∆, which is a characteristic length scale of the flow [31] . It can be defined as ∆ = U p /γ max , whereγ max is the maximum local shear rate. Visually, ∆ corresponds to approximately the combined width of the red and orange region in Fig. 3 . What happens subsequently is that the suspension near the bottom is squeezed by the front approaching from above and flows out to the sides. In upright impact experiments, we observed similar results, but symmetric horizontal flows are instead close to z = 0 m, with θ v = ±90
• . Tilted impact generates asymmetric squeeze flows, as shown in Fig. 6 . From left to right, the direction of the horizontal flow changes from θ v = −90
• to θ v = +90
• , but this transition is not symmetric with respect to the dashed green line, i.e. the region where θ v = θ I is no longer on the axis through the impactor. From Fig. 6 (a) to (b) to (c) , the boundary between red and blue keeps shifting to the left as the squeeze flow develops.
At later times, as shown in Fig. 6 (c) , almost all velocities within the field of view have shifted to θ v > θ I . Comparatively, the suspension on the left side of the dashed green line flows slower, especially when it is close to the bottom. As the impactor pushes deeper, the bottom left part of the flow decelerates even more, and an almost static region with extremely small velocity (v L < 0.1U p ) appears and develops. This is shown by the gray region in Fig. 6 (d) , while above it, the suspension is still moving at angles θ v > θ I . The static region continues to grow both vertically and horizontally until finally most of the suspension on the left of the dashed green line ceases to move. This is a general, robust phenomenon we find for all tilted impact, with larger tilt angles leading to larger θ v in the end. Fig. 7 schematically depicts how the solid boundary at the bottom modifies the flow and affects the jamming transition, based on the streamlines obtained from the flow field shown in Fig. 6 . In this sketch, the highly viscous, solid-like region is colored yellow, and the fluid region gray. Their boundary is the contour v L = 0.4U p that represents the front position. In the solid-like region, the suspension moves along the green arrow that is parallel to the impact direction, and the local velocity is (v x , v z ) ≈ (U p sinθ I , −U p cosθ I ). The blue arrows in Fig. 7 (a) represent the squeeze flow between the front and the bottom. Because of this squeeze flow, the shear rates on the left and right of the front are not the same any more within 10 mm above the bottom. In the vertical direction (z), the velocity of the flow changes from −U p · cosθ I to 0 while approaching the boundary, which applies for both sides. However, in the horizontal direction, the velocity difference on the left (dark red region in Fig. 6  (b) ) is larger than that on the right (blue region in Fig. 6 (b) ), because the direction of v x reverses on the left. Consequently, the left and right lobes of the front now accumulate strain at different rates. Since shear jamming of transient flow not only depends on the applied stress, but also the accumulated shear strain [24, 31] , higher shear rate results in a shorter time to jam. We suspect that this is the reason why in Fig. 6 the white boundary between red and blue keeps shifting to the left from the dashed green line, and also why the suspension ceases motion on the left, but keeps moving to the right as sketched in Fig. 7 (b) . In the final stage of the process shown in Fig. 7 (c) , the expansion of the static region (orange) forces the flow to circumvent this region, which leads to θ v > θ I .
Coming back to the question we posed at the beginning of this section: unlike for upright impact, when
• the jammed (orange colored) region does not develop symmetrically with respect to the impact direction. It is not initiated at point P in Fig. 7 (c) , which is where the dashed black line along the incident direction intersects with the bottom boundary. Instead, the formation of the solid-like region is initiated on the side of the line that is closer to the impactor. Its specific position on the z = 0 plane will depend on the size of the system, because when such a jamming front propagates, its dimension grows linearly with time, but its width ∆ remains invariant [31] . As discussed above, the effect of a solid boundary starts to appear when its distance to the front becomes comparable to ∆. Thus, for a small system, the boundaries start to manipulate the flow immediately after the impact. For a larger system, however, the boundaries affect the flow only when the front has almost propagated across the whole system, and we expect the orange region in Fig. 7 (c) to be initiated closer to point P.
V. CONCLUSIONS
We demonstrated ultrasound as a facile high-speed 3D imaging technique to study dynamic shear jamming in dense suspensions under impact from different incident angles θ I . From the extracted flow fields, we find that the flow evolution can be separated into two stages: free propagation and boundary interaction. By visualizing jamming fronts generated at incident angles from 0
• , we obtained their propagation speeds and shapes. For a hemispherical impactor head, we find that the dimensionless front propagation speed in the longitudinal direction k L is approximately 1.7 times the transverse propagation speed k T , independent of the incident angle. During the free propagation stage, fronts generated at different angles were shown to exhibit similar shapes. This implies that flow fields generated by impact at θ I can be predicted by rotating the fields measured for upright impact. In the second stage, the front starts to interact with the solid boundary of the container. A squeeze flow is generated between the front and the boundary, which, for θ I not equal to zero, produces an asymmetric shear rate on the sides of the curved front. Consequently, the jammed solid that grows from the bottom to the surface of the suspension does not grow along the axis of impact. These observations agree with a scenario that explains impact-activated solidification as a dynamic shear jamming process, as previously applied to upright impact [24] as well as Couette shear [8] and quantitatively tested for simple shear in a quasi-1D configuration [31] . However, still missing are more comprehensive 3D models that consider the tensorial forms of strain and stress and that can address more complex boundary conditions where the front interacts with obstacles and where the free surface is deformed by the impactor. Tilted impact into 3D suspensions as discussed here can provide an experimental system to validate such models.
